In-situ neutron diffraction measurements were performed on monocrystalline samples of the Ni-based superalloy CMSX-4 during N-type g 0 raft formation under the tensile creep conditions of 1150 C/ 100 MPa, and subsequently on a rafted sample under the low temperature/high stress creep conditions of 715 C/825 MPa. During 1150 C/100 MPa creep, the g 0 volume fraction decreased from~70% to~50%, the lattice parameter misfit was partly relieved, and the load was transferred from the creeping g matrix to the g 0 precipitates. On cooling back to room temperature, a fine distribution of g 0 precipitates formed in the g channels, and these precipitates were present in the 715 C/825 MPa creep regime. Under low temperature/high stress creep, the alloy with rafted g 0 microstructure exhibited superior creep strength to the cuboidal g 0 microstructure produced following a standard heat-treatment. A lengthy creep incubation period was observed, believed to be associated with {111}〈110〉 dislocations hindering propagation of {111}〈112〉 dislocations. Following the creep incubation period, extensive macroscopic creep strain accumulated during primary creep as the g phase yielded. Finally, the diffraction data suggest a loss of precipitate/matrix coherency in the (0k0) interfaces as creep strain accumulated.
Introduction
Ni-based superalloys have been the material of choice over the last 75 years for high temperature applications requiring a combination of excellent strength and creep resistance, as well as corrosion and oxidation resistance [1, 2] . Ni-based superalloys are strengthened by coherent (L12) precipitates (g 0 ) with a base stoichiometry of Ni3(Al,Ti) embedded within a (fcc) Ni-matrix (g) [3] . Rafting, also termed stress coarsening, occurs in superalloys exposed to both elevated stresses and temperatures (i.e. under creep conditions), and the orientation of the rafts of aligned coalesced g 0 particles is dependent on both the direction of the applied load and the lattice parameter misfit of the alloy d ¼ 2½a g 0 À a g =½a g 0 þ a g , where a g 0 and a g are the lattice parameters of the g 0 and g phases, respectively [4] . Modern Ni-based superalloys used for single crystal turbine blades typically have a negative lattice parameter misfit at creep and coarsening temperatures, and particle coalescence thus occurs normal to the tensile loading direction to form a plate-like structure on the transverse face (N-type raft) [4, 5] . Under compressive load, such negative lattice parameter misfitting alloys form rods aligned parallel to the loading direction (P-type raft) [4, 5] .
Co-based superalloys, that also possess g/g 0 precipitate strengthened microstructures, are currently under rapid development as a potential successor to the now mature Ni-based superalloys [6e23] . In contrast to the Ni-based superalloys, the Co-based superalloys developed to date typically have a positive lattice parameter misfit, and it is therefore expected that the g 0 rafts of a crept Co-superalloy would be orientated normal to a compressive load (N-type raft), and parallel to a tensile load (P-type raft) [24] .
The difference in direction of coalescence of the strengthening g 0 precipitates between Ni-and Co-based superalloys directly influence their mechanical properties.
High temperature/low stress rafting creep has been studied with particular focus on the role of dislocations, through finite element modelling [4, 25, 26] , through examination of crept samples by transmission electron microscopy (TEM) [4,5,25e31] , and through room temperature diffraction [26] . By their very nature, these studies have been performed under temperature and stress conditions that are very different to those that generate the rafted g 0 microstructure. The evolution of lattice parameter misfit in Nibased superalloys during thermal exposures and under specific creep conditions have been studied by in-situ diffraction [32e38] . However, these studies have not correlated the lattice parameter misfits measured with direct observations of the rafting behaviour.
Given the differences in raft orientations of the Co-and Ni-based superalloy systems, studies relating g 0 raft type and direction to mechanical properties of both superalloy systems are timely. The current work firstly presents in-situ diffraction measurements focusing on the formation of the N-type rafts that grow during tensile creep at 1150 C/100 MPa in the Ni-based superalloy CMSX-4 [27] . The decrease in g 0 volume fraction at elevated temperature is determined, along with the effect of creep primarily occurring in the g channels.
Secondly, in-situ diffraction measurements of CMSX-4 with a rafted g 0 microstructure were performed during low temperature/ high stress creep at 715 C/825 MPa to study the load partitioning between rafted g 0 precipitates and the g matrix. The creep strength and load-partitioning are compared to previously published in-situ diffraction measurements during creep of CMSX-4 with a cuboidal microstructure. In general, N-type rafts are considered to be a degradation of the microstructure, with a deterioration of mechanical properties including: (i) high temperature/low stress nonisothermal creep strength [39] ; (ii) thermomechanical fatigue resistance [40] ; and (iii) ambient and elevated temperature yield strength [41] . However, it is noted in this work that a pre-rafted microstructure results in a creep hardening effect, and the rafted g 0 microstructure is superior to the cuboidal g 0 microstructure under low-intermediate temperature/high stress creep conditions. A lengthy creep incubation period is observed in the pre-rafted microstructure with little to no strain accumulation at 650e715 C/825 MPa prior to primary creep. This is in contrast to the cuboidal microstructure [38] . Following the creep incubation period, the g phase yielded and the diffraction data suggests that the precipitates lose coherency with the matrix in the (0k0) interfaces as creep strain accumulated.
Experimental procedures

Material processing
Single crystal bars of the Ni-based superalloy CMSX-4 were provided by Rolls-Royce plc., Derby, following their standard heattreatment process: (i) a proprietary solution heat-treatment to dissolve the g 0 phase and reduce the levels of elemental segregation followed by a fast cool; (ii) a primary aging treatment of 1140 C/ 2 h; (iii) a secondary aging treatment of 870 C/16 h. Secondary electron SEM images were recorded with a Hitachi SU8030 coldfield emission scanning electron microscope operated at 2 kV with a 3e6 mm working distance, after electrolytically etching the g phase with an aqueous solution of 2.5 vol% phosphoric acid at 2.5 V dc for~1 s.
Creep and neutron scattering
Cylindrical tensile-creep bars of the single crystal Ni-based superalloy with 12.7 mm gauge diameter and 40 mm gauge length were machined from the heat-treated rods. The samples were tested on VULCAN [42] , the time-of-flight (TOF) neutron engineering diffractometer at the spallation neutron source (SNS), Oak Ridge National Laboratory (ORNL), Tennessee. Samples were mounted such that the tensile stress was applied along the nominal [100] direction. The irradiated length of each sample was 7 mm, centred at the middle of the specimen gauge length, and the experimental procedure was similar to that previously described elsewhere [38] . The loading axis was horizontal and the rig was positioned to give the longitudinal (h00) diffraction peaks in one detector and the transverse (0k0) diffraction peaks in the other.
Diffraction measurements were performed on two samples to study in-situ: (i) the evolution of lattice strain in the g and the g 0 phases and the lattice parameter misfit during N-type g 0 raft formation; and (ii) to compare the internal load transfer between phases during low temperature/high stress creep conditions of an N-type rafted g 0 microstructure to previously published data for a cuboidal g 0 microstructure [38] .
A sample was mounted to collect diffraction data of:
1. The initial heat-treated condition, at room temperature and zero stress, with a beam frequency of 20 Hz in high intensity mode and collecting data for 15 min; 2. During creep with in-situ neutron diffraction at 1150 C/ 100 MPa, with a beam frequency of 20 Hz in high intensity mode. The diffracted beam was collected in the detectors continuously during the 14 h creep test, and the data were subsequently chopped into 20 min segments. This creep condition is known to induce rafting [27] .
As heat was applied to the sample from an induction coil with the sample grips chilled by internal water cooling, a strong thermal gradient was present across the sample. An extensometer was not used during the in-situ rafting measurement, therefore the creep test was repeated three times ex-situ with a 12 mm extensometer. Thermocouples were mounted along all samples, and the temperature difference across the 12 mm extensometer mounted at the sample center was determined to be 5 to 10 C. The thermal gradient across the central 7 mm irradiated length was lower than these bounds (as the irradiated length lay within the extensometer), and this length was therefore approximately isothermal.
A sample that had been rafted ex-situ at 1150 C/100 MPa for 10 h was used to collect diffraction data of:
1. The g 0 rafted condition at room temperature and zero stress, with a beam frequency of 60 Hz in high resolution mode and collecting data for 20 min; 2. During creep with in-situ neutron diffraction at 715 C/825 MPa, with a beam frequency of 60 Hz in high resolution mode. The diffracted beam was collected in the detectors continuously during the~18 h creep test, and the data were subsequently chopped into 20 min segments; 3. Following the creep test, at room temperature and zero stress, with a 60 Hz beam frequency in high resolution mode and collecting data for 5 min.
An in-situ diffraction creep measurement was also performed on a rafted g 0 microstructure during a two-step creep experiment at 650 C/825 MPa/12 h followed by creep at 725 C/825 MPa. The results are discussed briefly in this paper, and compared to the 650 C/825 MPa in-situ diffraction creep measurement for CMSX-4 with a cuboidal g 0 microstructure [38] .
Results
Initial material characterisation
The microstructure of the single crystal Ni-based superalloy, Fig. 1a , possesses a near-unimodal distribution of submicron cuboidal g 0 precipitates within a g matrix. A low number density of fine nanoscale g 0 precipitates were also present in the g channels. The total areal fraction of the g 0 precipitates determined via binary thresholding and pixel counting of SEM images was~73 ± 3%, in agreement with the volume fraction stated in the literature (~70% [43] ). The mean width (w) of the submicron g 0 precipitates was w ¼ 510±40 nm with standard deviation calculated from traced areas using square-equivalence (w ¼ area 1=2 ). From the SEM images acquired from the single crystal Ni-based superalloy following tensile rafting creep at 1150 C/100 MPa/10 h (~0.7% accumulated creep strain), it is apparent that the creep conditions induced a coarse plate-like (or more specifically, an amoeba-like) g 0 microstructure with their planes aligned perpendicular to the applied load, Fig. 1c and d. The areal fraction of these rafted precipitates was~52 ± 3% from the (0k0) planes, transverse to the loading direction, using the pixel counting method of representative micrographs described previously. Referring to the (0k0) plane, Fig. 1c , the rafts were approximately 0.3e0.5 mm in width in the axial loading direction, and 1e20 mm in length transverse to the loading direction. Given the similarity of the width of the rafts to the width of the original cuboidal microstructure, it is clear that, under the applied tensile stress and temperature, the resultant coarsening was directional and perpendicular to the loading direction. It is interesting to note in the CMSX-4 micrographs that the g matrix channels between the rafted g 0 precipitates were filled with nanoscale g 0 precipitates of two further size distributions with diameters~25e75 nm and 10 nm, respectively, as shown in Fig. 2 . It is likely these nanoscale g 0 precipitates form on cooling from 1150 C to room temperature, as the phase field broadens. Finally, the SEM micrograph shown in Fig. 2 reveals that the large g 0 rafts are composed of a two phase nanostructure, possibly g precipitating within g 0 during cooling.
However, confirmation of this would require a thorough and advanced TEM-based study.
715
C/825 MPa low temperature/high stress creep of rafted microstructure: macroscopic creep curves An in-situ diffraction creep test was first performed on the rafted microstructure at 650 C/825 MPa, labelled (ii) in Fig. 3 . This creep condition was selected to allow for direct comparison with the insitu diffraction measurements of the cuboidal g 0 microstructure measured at 650 C/825 MPa (Fig. 3 , curve (iv)) [38] . This low temperature creep condition is known to not induce rafting in the time-scales presented (under 24 h) [38] . The cuboidal g 0 microstructure accumulated~6.6% macroscopic creep strain over the first 5 h, and 8.1% strain over 10 h. In comparison, the rafted microstructure remained in what is presumably a creep incubation period for the 12 h creep test, accumulating no plastic strain. Thus, the g 0 rafted microstructure is superior under the creep conditions and times studied. The creep temperature was then progressively increased to induce primary creep, and at 725 C a very rapid creep rate was observed (Fig. 3, curve (iii) ). From this initial test, it was possible to optimise the creep conditions for an in-situ diffraction study, and a second creep test was performed on a rafted g 0 microstructure at 715 C/825 MPa, labelled (i) in Fig. 3 . After an incubation period of~2 h, a large amount of creep strain was accumulated over the subsequent 10 h of primary creep, reaching 12.5% creep strain. The strain rate decreased over the final 6 h of the creep test, accumulating a further~2.5% creep strain in this time. Both samples failed by shear, away from the sample center, presumably due to the thermal gradient across the samples during plastic deformation.
Neutron diffraction peak fitting
Prior to creep, when the precipitates are cuboidal, and during the in-situ diffraction rafting creep measurement at 1150 C/ 100 MPa, the {300} g 0 peaks were symmetric in shape. At room temperature following rafting creep, when the g 0 precipitates were rafted and plate-like with finer g 0 also present in the g channels (Fig. 1ced) , the (300) g 0 peak was located at a higher d-spacing value compared to the initial measurement. This (300) peak, corresponding to the rafted microstructure, was asymmetric with a pronounced tail towards lower d-spacings. This was mirrored by the (030) g 0 peak, which exhibited a stronger tail at higher dspacings to the maximum peak intensity following rafting creep. These {300} peak shapes were also observed during the in-situ diffraction primary creep measurement at 715 C/825 MPa, Fig. 4a and b.
Peak fitting routines were developed and applied to the diffraction data, based on those available in the literature [16,21,22,33e35,37,38,44e46] . The g 0 {300} peaks prior to creep and during in-situ rafting creep (1150 C/100 MPa) were symmetric, and fitted well with a single pseudo-Voigt function by an iterative least squares error minimisation procedure to the diffraction data.
Following the rafting creep treatment, the subsequent g 0 {300} peaks at room-temperature and in-situ low temperature/high stress creep conditions (715 C/825 MPa) were fitted with two pseudo-Voigt functions to account for the lattice parameters of the two g 0 populations present. For comparison, they were also fitted with the single pseudo-Voigt function.
The (200) and (020) gþg 0 doublet peaks appeared to be symmetric prior to rafting creep [38] , indicating that the constrained g and g 0 lattice parameter misfit was initially very low and the individual peaks were closely overlaid. Following rafting creep at 1150 C/100 MPa, the (200) gþg 0 doublet peak was broad, with maximum intensity to the right of the doublet, Fig. 4c . The higher intensity peak of the doublet is associated with the g 0 phase, given the alloy is~70% volume fraction g 0 at room temperature and the larger average bound coherent scattering length of atoms in the g 0 phase compared to that of the g [33] . Thus, the alloy is of positive lattice parameter misfit in the (200) after rafting creep at 1150 C/ 100 MPa. The opposite is evident in the (020) peak, with the high intensity peak to the left of the doublet, Fig. 4d , indicating negative lattice parameter misfit in the (020) following rafting creep at 1150 C/100 MPa.
As the lattice parameter misfit is initially low, the {200} peaks of the Ni-based superalloy prior to rafting creep at 1150 C/100 MPa and during the in-situ rafting creep diffraction measurements were fitted by pseudo-Voigt doublets by constraining
, in order to fit the {200} g peak position. The pseudo-Voigt peak shape and width were defined as being equal for both the g and g 0 phases in order to reduce the number of fitting parameters, consistent with other studies [38, 45] . Following the rafting procedure, the g and g 0 {200} peaks at room temperature and during 715 C/825 MPa in-situ creep were more separated. These peaks were fitted with the same doublet gþg 0 peak fitting routine, but without the d . A triple peak function was also fitted to the {200} diffraction peaks, in order to separate the contributions from the two different size distributions of g 0 particles to the diffraction data. This required additional constraints to be introduced to the peak fitting routine, and it was found that the residual error of the overall peak fit to the data was larger than that of the doublet peak function. Thus, the doublet gþg 0 peak fitting routine was applied to the data, and the slight error introduced by combining the two g 0 diffraction peaks into a single peak is acknowledged. Examples of the peak fits are illustrated in Fig. 5 .
Lattice parameter evolution at 1150 C/100 MPa
The (h00) g and g 0 lattice parameter data at room temperature and zero stress before and after rafting creep at 1150 C/100 MPa are shown in Fig. 6i , region (a) and region (c) of the graph, respectively. The evolution of the lattice parameters during rafting creep at 1150 C/100 MPa is shown in region (b). The corresponding (0k0) lattice parameter data are shown in Fig. 6ii . To aid the discussion and interpretation, the lattice parameter evolution of each phase during creep is plotted in terms of elastic lattice strain changes that occur in each phase during creep alone, ε c ¼ ða x À a x;0 Þ=a x;0 where a x;0 is the lattice parameter at the start of the creep test (1150 C/100 MPa), Fig. 7 . Finally, the data is replotted in terms of lattice parameter misfit d, Fig. 8 . 
Lattice parameter evolution at 715 C/825 MPa
The peak fitting results of the 715 C/825 MPa low temperature/ high stress creep diffraction data are presented in Figs. 9e11, in the same manner as previously described for the rafting creep data at 1150 C/100 MPa, but with a x;0 defined in this case as the lattice parameter of phase x at the start of the low temperature/high stress creep test (715 C/825 MPa).
Discussion
Creep-induced microstructural evolution and observation by in-situ diffraction
The evolution of deformation mechanisms and microstructural parameters that are stress, temperature, and time dependent inherently complicates our understanding of creep. Fig. 12 is a schematic representation of how certain creep-induced phenomena would be observed in a negative lattice parameter misfit superalloy when measuring the g and g 0 phase lattice parameters insitu by neutron diffraction. A uniform three-dimensional loss of coherency of the g 0 phase within the g matrix would be observed equally in the detectors measuring (h00) and (0k0) lattice spacings as a decrease in the g 0 lattice parameter and an increase in the g lattice parameter, Fig. 12a and b. This occurs as atomic registry across the interface plane is lost, and the g 0 lattice parameter approaches its equilibrium unconstrained value. Similarly, the g lattice parameter will increase towards its equilibrium value as a result of the loss of constraint by the g 0 phase. A significant repartitioning of elements at temperature would also be observed equally in both detectors, with the schematic example illustrating partitioning of elements with large atomic radii from the g 0 to the g and assuming precipitate volume fraction is constant. This would be observed as a decrease of the g 0 lattice parameter and an increase of the g lattice parameter, Fig. 12a and b. It has previously been illustrated that the lattice parameter misfit becomes increasingly negative with temperature for CMSX-4 [47] , suggesting that such repartitioning may indeed occur.
If load transfer occurs to the g 0 phase under yielding of the g phase, this would be observed as an increase in the g 0 lattice parameter and a decrease in the g lattice parameter in the (h00), with an associated Poisson effect observed in the (0k0), Fig. 12c and d.
During creep of a superalloy single crystal, the tensile axis rotates towards the slip direction. Given that the [100] direction is the least stiff direction [21, 44, 48] , the rotation is towards a stiffer direction and would be observed as a decrease of lattice parameter Fig. 6 . i) (h00) and (ii) (0k0) g and g 0 lattice parameters of CMSX-4 with initial cuboidal g 0 microstructure at room temperature and zero stress (a) prior to creep and (c) post-creep, and (b) evolution of the lattice parameters during creep at 1150 C/100 MPa. The two lattice parameters of g 0 following cooling are distinguished by the same notation as Fig. 5, where the subscript 1 always denotes the higher intensity peak. The error bars presented are associated with the error in the peak fits. Fig. 7 . Evolution of the elastic lattice strain in the g and g 0 phases of CMSX-4 with initial cuboidal g 0 microstructure that occurs during tensile creep at 1150 C/100 MPa in the (i) (h00) and (ii) (0k0) lattice planes. The error bars presented were calculated from the lattice parameter errors. value in both phases in the (h00) during creep at a constant stress s, as s ¼ εE, Fig. 12e . This would be accompanied by a Poisson effect in the (0k0), Fig. 12f .
On rapidly heating to the creep temperature, the gþg 0 is in a non-equilibrium mix, and equilibrium will be achieved according to the Lever Rule, by (i) dissolution of g 0 and (ii) shifting of phase compositions towards equilibrium at the creep temperature. Considering first the effect of precipitate dissolution on the stress distribution between the two phases, as the constrained elastic moduli of the g (Eg) and the g 0 (E g 0 ) phases are approximately equal [33, 49] , a stress redistribution will not occur between the precipitate and matrix due to a change in the precipitate volume fraction. Now considering the change in phase compositions towards equilibrium in the Ni-Al binary phase diagram [50, 51] , the g/gþg 0 phase boundary has a relatively shallow slope against temperature compared to the gþg 0 /g 0 phase boundary which is near vertical. For a vertical gþg 0 /g 0 phase boundary, the g 0 equilibrium composition will be approximately constant with temperature, and only a change in the g composition will occur. Therefore this shift towards phase equilibria at temperature accompanied by dissolution of the g 0 would be observed equally in both detectors as a decrease in the g lattice parameter while that of the g 0 would remain unchanged, Fig. 12g and h. For the case of Ni-based superalloys, a slight shift in the g 0 lattice parameter may be expected if the gþg 0 /g 0 phase boundary is less steep than that of Ni-Al.
A decrease in sample area, i.e. an increase in true stress, would be observed as an increase of lattice parameter value in both phases in the (h00) during creep, Fig. 12i , with a Poisson effect observed in the (0k0), Fig. 12j .
Work hardening of the g phase during creep deformation would be observed as an increase of the g lattice parameter and a decrease of the g 0 lattice parameter in the (h00), with an associated Poisson effect in the transverse direction, Fig. 12k and l. The comparison of the experimental data to the schematic presented is necessary in order to correctly correlate the measured lattice spacing evolution to microstructural evolution.
1150
C/100 MPa rafting creep of cuboidal g 0 microstructure
In the first~2 h of creep at 1150 C/100 MPa, there is a release of 2.0e2.5 mε in the g phase in both the (h00) and (0k0), Fig. 7 . There is a much smaller release of~0.2e0.5 mε in the g 0 over the same time. Referring to the schematic in Fig. 12g and h and previous discussion, it is clear in the first 2 h of creep that the lattice parameter evolution measured is dominated by dissolution of g 0 as Fig. 9 . i) (h00) and (ii) (0k0) g and g 0 lattice parameters of CMSX-4 with initial rafted g 0 microstructure at room temperature and zero stress (a) prior to creep and (c) post-creep, and (b) evolution of the lattice parameters during creep at 715 C/825 MPa. The two lattice parameters of g 0 following cooling are distinguished by the same notation as Fig. 5 , where the subscript 1 always denotes the higher intensity peak. The error bars presented are associated with the error in the peak fits. at 715 C/825 MPa in the (i) (h00) and (ii) (0k0) lattice planes. Trend lines have been added as guides to the eye and the graph is segmented to aid discussion. The error bars presented were calculated from the lattice parameter errors. Fig. 11 . (h00) and (0k0) lattice parameter misfit of a rafted microstructure at room temperature and zero stress prior to and post primary creep at 715 C/825 MPa, (a) and (c) respectively, and the evolution of the (h00) and (0k0) lattice parameters during primacy creep (b). The two lattice parameter misfit values following cooling are distinguished by the same notation as for Fig. 5 , where the subscript 1 always denotes the higher intensity g 0 peak. Error bars of 5% are presented. the alloy approaches phase equilibrium at 1150 C, observed as a large decrease in the g lattice strains and a relatively small change in the g 0 lattice strains in both planes, Fig. 7 . The dissolution of g 0 phase at elevated temperature was also apparent from the evolution of the g and g 0 diffraction peak intensities (Ig and Ig 0 , respectively), determined by the {200} peak fitting routine. Initially at 1150 C, the ratio of I g 0 =ðI g 0 þ I g Þ $ 0:7, noted as being approximately equal to the precipitate volume fraction determined by SEM. This ratio decreased to~0.6 after~1.5 h of creep, and~0.5 after~4 h of creep, after which the ratio remained close to constant. It was previously noted that the volume fraction of g 0 rafts was~0.5 (50%) following creep at 1150 C/100 MPa.
Over the subsequent 10 h of creep the lattice strain response is less dramatic. The data suggest that there is a small amount of load transfer from the g to the g 0 as the g phase yields (Fig. 12c and d) , apparent as a slight increase in the (h00) g 0 lattice strain accompanied by a decrease in the (h00) g and (0k0) g 0 lattice strains (Fig. 7) . This is consistent with the general consensus that, under high-temperature low-stress creep regimes the plastic deformation is confined to the g channels [52] . Fig. 8 presents the data in terms of lattice parameter misfit. At room temperature before creep, the lattice parameter misfit is close to 0%, and~À0.6% at the onset of rafting creep, due to the difference in thermal expansion coefficients between phases. Within 1 h the lattice parameter misfit in the (0k0) lattice plane is halved tõ À0.3%, and the same lattice parameter misfit is reached after~4 h in the (h00) lattice plane. The decrease in magnitude of the lattice parameter misfit value is a result of the large change in the g lattice parameter that occurs due to the change in the g composition and g 0 phase dissolution required to achieve phase equilibrium at 1150 C.
It was noted earlier that the {300} peak shapes were initially quite symmetric at room temperature, and symmetric during the 1150 C/100 MPa creep test, after which they were asymmetric on cooling to room temperature, and asymmetric during the subsequent 715 C/825 MPa creep test. The tail is to the left (lower dspacing) of the (300) peak, and to the right (higher d-spacing) of the (030), Fig. 4a and b. On cooling from 1150 C following creep, the residual strain induced from the creep process is seen as a shift of the g 0 peak to higher d-spacing values in the (300), and lower dspacing values in the (030), relative to the initial room temperature measurement. The lower intensity g 0 {300} peak that appears on cooling from 1150 C, producing the overall peak asymmetry, is associated with nucleation of a second size distribution of g 0 . This was observed in the SEM as fine g 0 in the g matrix channels, Fig. 1c and d. The difference in mean g 0 lattice parameter value of each size distribution is associated with a difference in composition and presumably also a difference in coherency with the matrix as well as any interphase stresses. There is an initial incubation period of~4 h where the lattice strains ε c of both phases ( Fig. 10 region (1) ) and macroscopic creep strain (Fig. 3 , curve i) are essentially zero, for the 715 C/825 MPa low temperature/high stress creep test. High temperature/low stress creep is associated with {111}〈110〉 dislocation slip of the g phase, while low-intermediate temperature/high stress creep is associated with {111}〈112〉 slip of both phases [53] . The incubation period is therefore related to generation of the required dislocations for slip to occur. More specifically, it is expected that the same dislocation mechanisms are active during primary creep of a rafted g 0 microstructure, as for a cuboidal g 0 microstructure, therefore the incubation period is associated with nucleation of {111}〈112〉 dislocations. Both nucleation and slip of these dislocations will be hindered by the pre-existing {111}〈110〉 dislocations in the g phase, resulting in a lengthy creep incubation period. The rafted g 0 sample was still in a creep incubation period after 12 h of creep at 650 C/ 825 MPa with zero macroscopic strain accumulation, Fig. 3ii . After the 12 h test at 650 C/825 MPa, the temperature was increased. From the lengthy creep incubation period and superior macroscopic creep strength, one can conclude that the pre-existing dislocations have strengthened the alloy under low temperature/high stress creep conditions, and that the combination of pre-existing dislocations and rafted g 0 microstructure with fine g 0 precipitates in the channel provides superior creep strength compared to the initial heat-treated alloy.
Following the creep incubation period, the lattice strain in both phases increased in the (h00) between 4 and 6 h of creep time, Fig. 10 region (2) . This timeframe corresponded to rapid macroscopic strain accumulation during primary creep (Fig. 3 curve (i) ), and therefore the decreasing sample area may have contributed to the observed lattice strains during the creep test (Fig. 12i) . The transverse data do not show the typical Poisson effect associated with a decreasing sample area, but exhibit a lattice strain response that is consistent with yielding of the g phase and load transfer to the g 0 , Fig. 12d of the schematic. The yielding of g is also observed in region (3) of Fig. 10i , particularly in the (h00) where load is transferred from the g to the g 0 . At the onset of region (4) in the (h00), Fig. 10i , following the yielding of g there is an increase in lattice strains of both phases, which is believed to be indicative of a continuous reduction in the sample area contributing to the diffraction data. Finally, it is noted that the difference in the (0k0) lattice strains between the phases towards the end of the creep test is too large to be associated with a Poisson effect alone, Fig. 10ii .
Furthermore the (h00) and (0k0) g data do not show a Poisson response in region (4) of the lattice strain data. Therefore, the divergence of the g and g 0 lattice spacing can be interpreted as a loss of coherency in the (0k0), Fig. 9ii . From the large length of the g 0 rafts, a loss of coherency may indeed be expected in the (0k0).
The loss of coherency between precipitate and matrix observed in the (0k0) data is observed as an increasingly negative lattice parameter misfit in the (0k0) data, Fig. 11 .
Some similar trends in microstrain evolution are observed for the cuboidal g 0 microstructure crept at 900 C/460 MPa and crept at 650 C/825 MPa [38] , and the rafted microstructure crept at 715 C/ 825 MPa in this work. The lattice strain response in Fig. 10 region (4), resembles that of the lattice strain data crept at 900 C/ 460 MPa. The authors of the previous work concluded that the g initially yields during creep [38] , in agreement with the current work. The previous authors suggested that a large load transfer from g to g 0 in the (0k0) results in an increase in the g (0k0) lattice parameter and a decrease in the g (h00) lattice parameter. We note that the sample following 900 C/460 MPa creep possessed a microstructure typical of early stage rafting, thus the interpretation presented in this work may apply to the previously published data:
that the g 0 loses coherency with the g matrix in the (0k0). Some similarities are noted between the lattice strain responses to creep of a cuboidal g 0 microstructure at 650 C/825 MPa [38] and regions (1)e(3) of the 715 C/825 MPa creep test with a rafted g 0 microstructure performed in the present study. In both experiments, the (0k0) g and g 0 lattice strains were initially equal, after which the g 0 lattice strain decreased and the g increased. In the (h00), a decrease in the g lattice strain, Fig. 10 region (3) , was also common to both experiments. However, in the case of the 650 C/825 MPa data [38] , the g 0 lattice strain did not increase, and the previous authors hypothesised that this must be due to a recovery mechanism. The data and interpretation of the current work are clearer, with evident load transfer to the g 0 on yielding of the g. This is associated with pre-existing {111}〈110〉 dislocations hindering the {111}〈112〉 dislocations required for creep under low temperature/high stress conditions. The creep incubation period is followed by rapid macroscopic strain accumulation during primary creep, and it appears that the decreasing sample area, and the concomitant increase in stress, is seen in the lattice strain evolution of each phase. The g phase yields over a period of a few hours with load transfer to the g 0 . Finally, the data suggest that there is a loss of coherency of the g 0 precipitates with the g matrix in the (0k0).
Summary & conclusions
In-situ neutron diffraction measurements have been performed on CMSX-4 during raft formation at 1150 C/100 MPa, and during subsequent low temperature/high stress creep conditions of a sample with a rafted g 0 microstructure.
During 1150 C/100 MPa creep, the measured lattice strains and SEM observations reveal a rapid loss in g 0 volume fraction from 70% to~50%. In this time period the lattice parameter misfit is partially relieved. Slight load transfer from g to g 0 is observed as creep proceeds.
On cooling back to room temperature from 1150 C, a fine distribution of g 0 precipitates nucleate and grow in the g channels.
These fine precipitates are present in the subsequent low temperature/high stress creep test of 715 C/825 MPa. Under the creep conditions studied, the alloy with a rafted g 0 microstructure exhibits superior creep strength to the cuboidal g 0 microstructure following a standard heat-treatment. A lengthy creep incubation period prior to primary creep is observed at 715 C/825 MPa, suggested to be a consequence of the {111}〈110〉 dislocations present from the previous rafting creep regime (at 1150 C/100 MPa) hindering subsequent generation and slip of {111}〈112〉 dislocations.
Primary creep is observed as an initial yielding of the g phase following the creep incubation period. The diffraction data indicate that the g 0 precipitates lose coherency with the g matrix in the (0k0) during the creep test.
